Abstract
Introduction
In recent years, an increased effort has been directed towards controlling antibiotic use and raising public awareness of the need for prudent use of antibiotics [1] . There are two main reasons for this. The first is ecological, in that antibiotics induce and select for bacterial resistance [2] . Resistance is meanwhile considered a global threat, and pathogens susceptible to antibiotics are considered a common good [3] . Antimicrobial drug effectiveness cannot be taken for granted and antimicrobials are increasingly attaining the status of nonrenewable resources. The second reason is economic, in that antibiotics account for a large portion of a hospital's pharmacy budget, and in the face of restricted financial resources are therefore a main target for cost savings [4] . Over the past decade, many surveillance efforts have drawn attention to this phenomenon [5] [6] [7] [8] .
The Surveillance System of Antibiotic Use and Bacterial Resistance in Intensive Care Units (SARI) is an ongo-ing project, launched in 2000 and initially funded by the German Government, that collects data from its network of intensive care units (ICUs) [9] [10] [11] [12] . SARI focuses on the critically ill because antimicrobial use in ICUs is among the highest in the hospital setting and consumption often runs in parallel to the pattern seen for resistance.
The goal of the present study is to give an overview of changes in antibiotic consumption and resistance in a network of ICUs over a period of 8 years (2001 through 2008).
Materials and methods
SARI started in February 2000. Following a pilot phase, we first analysed data at the beginning of 2001. Data from 53 SARI ICUs were included in the analysis presented here: 21 of the 53 ICUs were interdisciplinary, 18 were surgical (of which four were neurosurgical) and 14 were medical. Most ICUs were located in hospitals affiliated with a university hospital (n = 30) or in university hospitals (n = 19). The median of hospital size was 790 beds (interquartile range 463 to 1,119 beds), and the median number of ICU beds was 12 (interquartile range 10 to 18 beds).
Data are fed back to the participants every 6 months. 
Data collection
Monthly data on antimicrobial use were obtained from the computerised pharmacy databases. Consumptionthat is, the antimicrobial usage density (AD) -was expressed as daily defined doses (DDD) and was normalised per 1,000 patient-days. The DDD are the standard adult daily dose of an antimicrobial agent for a 1-day treatment defined by the World Health Organisation (WHO ATC/DDD Index 2008) [13] .
The ICUs indicated the number of isolates tested per month belonging to the following 13 sentinel bacterial species: Staphylococcus aureus, coagulase-negative staphylococci, Enterococcus faecalis, Enterococcus faecium, Pseudomonas aeruginosa, Enterobacter cloacae, Citrobacter spp., Serratia marcescens, Acinetobacter baumannii, Stenotrophomonas maltophilia, Streptococcus pneumoniae, Escherichia coli and Klebsiella pneumoniae. The susceptibility data were collected from the microbiology laboratory for these 13 pathogens regardless of whether they were associated with hospital-acquired or community-acquired infection or colonisation, or whether they were from clinical or surveillance cultures. Pathogens were specified as resistant by the clinical laboratory using interpretive criteria recommended by the German Industrial standard or CLSI. Copy strainsdefined as an isolate of the same species showing the same susceptibility pattern throughout a period of 1 month in the same patient, no matter what the site of isolation -were excluded. Thirty-seven per cent of the SARI ICUs -13 out of 35 SARI ICUs responded to a questionnaire on methicillin-resistant S. aureus (MRSA) management in 2008 -screened all patients for MRSA at admission. Questions on extended-spectrum β-lactamase (ESBL) screening were not included.
All data were anonymous and were collected in accordance with the German recommendations of good epidemiological praxis with respect to data protection [14] . As a federal law, the German Protection against Infection Act (Infektionsschutzgesetz §23) regulates the prevention and management of infectious disease in humans. All hospitals are obliged to collect and analyse continuously nosocomial infections and resistant pathogens [15] . These routine data were reported to the National Reference Centre of the Surveillance of Nosocomial Infections. Ethical approval and informed consent were thus not required.
Statistical analysis
The proportion of resistant isolates was calculated by dividing the number of resistant isolates by the total number of the isolates of the same species tested against the corresponding antibiotic multiplied by 100. The incidence density of resistant isolates (RD) was defined as being the number of resistant isolates per 1,000 patientdays. Differences in consumption and resistance by type of ICU were tested using the Kruskal-Wallis test. From 2001 through 2008, trends in resistance were analysed by regression analysis using aggregated 3-monthly data (24 time points) and trends in antibiotic use were analysed using monthly data (96 time points). We tested whether the linear regression coefficient was significantly different from zero.
The significance level was P < 0.05 and all analyses were performed using EpiInfo 6.04 and SAS 9.2 (SAS Institute Inc., Cary, NC, USA). Pooled mean antibiotic use over the 8-year period was 1,172 DDD/1,000 patient-days; that is, each patient on average received 1.2 DDD. Antibiotic consumption ranged from 531 to 2,471 DDD/1,000 patient-days (median 1,213 DDD/1,000 patient-days). The proportions of β-lactamase-sensitive penicillins, of penicillins with extended spectrum, of β-lactamase-resistant penicillins and of penicillins with β-lactamase inhibitor among the whole class of penicillins were 7.4%, 32.8%, 8.9%, and 51.9%, respectively (2001 to 2008). Figure 1 shows the heterogeneity of total antibiotic consumption and distribution over antibiotic classes in individual ICUs.
Results

From
Total mean antibiotic use (without sulbactam) remained stable over time (P = 0.707). The AD was 1,180 DDD/1,000 patient-days in 2001 and was 1,167 DDD/ 1,000 patient-days in 2008. There was no difference either in total antibiotic use or in the trend over time by type of ICU.
Within the antibiotic classes, carbapenem use almost doubled to an AD of 151 in 2008 ( Figure 2 ). Carbapenem use and third-generation cephalosporin (3GC) resistance correlated significantly (P = 0.036; correlation coefficient = 0.291). Significant increases were also calculated for quinolones and for third-generation and fourth-generation cephalosporin use. Consumption of the whole class of cephalosporins and penicillins, however, decreased significantly. Aminoglycosides showed the biggest decrease over time (P < 0.001). Macrolide use was significantly higher in medical ICUs, whereas second-generation cephalosporin consumption was significantly lower in medical ICUs than in surgical or interdisciplinary ICUs.
The most striking result was the continuous increase of 3GC-resistant E. coli (%), which equated to an almost 10-fold increase within just 8 years. Vancomycin-resistant Enterococcus (VRE) faecium quadrupled between 2006 and 2008 (Table 1 ). In contrast, the proportion of MRSA even decreased and the resistance proportions of imipenem-resistant or ciprofloxacin-resistant P. aeruginosa revealed no trend at all.
Resistance differed by type of ICU: ciprofloxacin resistance in P. aeruginosa was significantly higher in medical and interdisciplinary ICUs than in surgical ICUs. In contrast, vancomycin resistance in E. faecium was significantly higher in medical ICUs.
It is also possible to demonstrate the different dynamics of resistant pathogens if the RD is used as a parameter for the burden of resistance ( Figure 3 ). Although at 3.73 MRSA/1,000 patient-days MRSA still presented the highest burden of resistant pathogens in 2008, the burden of 3GC-resistant E. coli was a remarkable 1.39 ESBL isolates/1,000 patient-days. This means that in 2008 the RD of 3GC-resistant E. coli I was equivalent to more than one-third of the overall RD of MRSA. The burden of imi- penem-resistant K. pneumoniae was still low at 0.05 per 1,000 patient-days in 2008, which corresponds to seven isolates from two separate ICUs. 
Discussion
The three main findings of this study are: that total antibiotic consumption remained stable from 2001 through 2008 with a mean use of 1.2 DDD per patient per ICUday; that the burden of resistance increased dramatically for 3GC-resistant E. coli and K. pneumoniae over 8 years, but not for MRSA; and that our data demonstrate the dangerous spiral of spread of resistance and antibiotic use -the increase in 3GC resistance, which indicates a rise in ESBL-producing bacteria, has been followed by a doubling of carbapenem use that, in turn, might now be followed by an increase in imipenem-resistant pathogens.
Antibiotic consumption varied widely by the factor of five, which may partially be explained by differences in patients and ICU characteristics, antibiotic policies or physicians' level of education. Although quantitative data must not be taken as qualitative parameters, the heterogeneity of antibiotic prescriptions might still indicate that antimicrobial use can be improved. We were able to show in three intervention studies that it was indeed possible to sustainably reduce antibiotic consumption in SARI ICUs by shortening the duration of treatment or revising antibiotic prophylaxis [16] [17] [18] . Generally, total median antibiotic use of 1,213 DDD/1,000 patient-days concurs with data from 35 ICUs in eight European countries in 2005, with a median of 1,254 DDD/1,000 patient-days (also ranging widely from 348 to 4,992 DDD/1,000 patientdays) [19] . In Swedish ICUs, antibiotic use increased significantly from 1,245 DDD/1,000 patient-days in 1999 to 1,510 DDD/1,000 patient-days in 2003. In these ICUs, antibiotic prescribing was empiric and adequate [20, 21] . It can be assumed that antibiotic therapy is also widely empiric in SARI ICUs because the mean ICU stay was only 4.0 days. Empiric antibiotic therapy should be timely and adequate; however, it will normally be broad in the critically ill. The changed resistance situation -that is, the increase in 3GC-resistant E. coli -was associated with a doubling in carbapenem use.
The European Antimicrobial Resistance Surveillance System described resistance against 3GC in E. coli as the most dynamic expansion of multidrug-resistant pathogens in the entire region [22] . Although in 2008 just under one-half of European countries (14 of 33) reported their resistance levels against 3GC to be under 5%, since 2004 the proportion of 3GC resistance has increased in 19 European countries. In general, a large percentage of ESBL-producing pathogens are now being imported into hospitals and ICUs [23] [24] [25] . Known risk factors inside and outside the hospital include use especially of broad-spectrum cephalosporins and quinolones, which, in some ICUs at least, are the workhorses of antibiotic therapy [26] [27] [28] . Use of these antibiotic classes might also contribute to the selection of ESBLs, to the persistence of predominant ESBL clones and to the probable dissemination of conjugative plasmids among strains. Limiting administration of these antibiotics to patients in which other therapeutic alternatives according to evidence-based guidelines are not possible is therefore part of many antibiotic stewardship programmes.
A shift toward greater carbapenem usage harbours the risk of greater selection of carbapenem resistance and is associated with permeability mutations in strains already producing ESBLs or other potent β-lactamases [29] . This is already happening, especially in Klebsiella. Current reports indicate that K. pneumoniae carbapenemases (KPC) are widespread in China, Israel, Greece, South America, and the USA [29, 30] . Fortunately, KPC-producing bacteria are still rare in Western Europe and Northern Europe.
Although not yet broadly reflected in our data -only two ICUs encountered imipenem-resistant K. pneumoniae in 2008 -it is to be expected that such strains will also be increasingly encountered in European ICUs, because it has been shown that high level carbapenemresistant KPC-producing bacteria may be selected during imipenem and meropenem therapy [31] . In contrast, the increase in 3GC-resistant E. coli has now affected most ICUs and is therefore unlikely to be a problem caused by the selection pressure of antibiotic therapy in the individual ICU. If the import into the ICU and the burden of multiresistant pathogens continues to increase, however, adopting appropriate infection control strategies becomes paramount to prevent the transmission to other patients. Besides the basic set of infection control measures, early identification by screening and accommodating patients with multidrug-resistant pathogens in single rooms or cohort isolation is recommended [32] . The spread and emergence of resistance is multifaceted; it is not driven by antibiotic use alone, but is, among other things, also influenced by clonal spread of strains, by resistance mechanisms that might differ by species, the human and environmental reservoir, and by infection control strategies, including screening policies. We hypothesise that these factors at least partly explain why MRSA resistance did not increase over the study period but VRE did, why imipenem-resistant K. pneumoniae increased but imipenem-resistant P. aeruginosa did not, or why ciprofloxacin-resistant E. coli increased yet ciprofloxacin-resistant P. aeruginosa did not.
For instance, cumulative German prevalence data from 2007 show that the percentage of ciprofloxacin-resistant E. coli was even higher in the outpatient setting than in ICU patients (29.2% vs. 21.9%) [33] . This indicates that quinolone-resistant strains of E. coli are imported to ICUs through the massive selective pressure of quinolones prescribed in the outpatient setting in Germany; outpatient antibiotic use accounts for 85% of total antibiotic use [34] . Furthermore, use of quinolones in therapy and prophylaxis, especially in commercial poultry farming, contributes to the emergence of resistant organisms in the human population, especially in pathogens having their reservoir in the gut. In contrast, the natural reservoir of A. baumannii is unknown and A. baumannii is rarely found on the human skin or in the environment. Higgins and colleagues presented global data on carbapenem-resistant A. baumannii suggesting that carbapenem resistance developed after or during the spread of the clonal lineages [35] . They explained that clonal lineages originated worldwide in at least eight distinct loci and then spread to new locations, possibly through patient transfer. If clonal spread is probably responsible for the spread of carbapenem-resistant A. baumannii, then A. baumannii infections may indicate a serious infection-control problem. Although there was a temporal association between increases in carbapenem use and imipenem resistance in A. baumannii in our study, it does not prove a causal relationship.
The present study has several limitations. Whereas the ecological study design can lead to the formation of a hypothesis, ultimately it does not prove a causative relationship -which a patient-based study design is able to establish. Potential confounders such as antimicrobial stewardship interventions (for example, the feedback of the data to the ICUs is a type of intervention) or promotion of hand hygiene could have influenced antibiotic use and antimicrobial resistance in individual ICUs. The number of ICUs participating in SARI increased from 36 to 53, with 47% of the ICUs reporting data over the 8-year period. ICUs that joined recently might therefore have had different antimicrobial usage patterns, as well as a different antimicrobial resistance situation. Outbreaks might have influenced pooled mean resistance data. World Health Organisation DDD do not always correctly reflect the actual prescribed daily dose [36, 37] . This inconsistency does not invalidate the systematic approach of the World Health Organisation, and therefore ICUs should use the DDD to make national and international comparisons of their antibiotic use.
Conclusions
Disturbingly, ICUs have little in reserve to control multidrug resistance among Gram-negative bacteria [38] . We consider five points to be of paramount importance.
Firstly, ICUs must ensure proper detection in their laboratories of extended-spectrum β-lactamases among KPCproducing Enterobacteriaceae clinical isolates [39] . Secondly, treatment options for infections with multiresistant Gram-negative bacteria and KPC-producing organisms are limited. Besides tigecycline, therefore, old antibiotics like aminoglycosides, fosfomycin, colistin and rifampicin will have to be re-employed. Thirdly, treatment duration should be as short as is clinically feasible to reduce selection pressure [40] . Fourthly, screening on admission, as already established for MRSA, might be considered to address the increasing import of resistant pathogens into the ICU and to minimise the risk of transmission [24] . Finally, infection control -especially hand hygiene, the purpose of which is to prevent person-toperson spread -is elementary and crucial.
Key messages
• The burden of resistance increased dramatically for 3GC-resistant E. coli and K. pneumoniae, which indicates a rise in ESBL-producing bacteria.
• This increase has been followed by a doubling of carbapenem use from 2001 through 2008.
• Greater carbapenem use harbours the risk of greater selection of carbapenem resistance and is associated with permeability mutations in strains already producing ESBLs or KPCs.
• Because treatment options for infections with multiresistant Gram-negative bacteria and KPC-producing organisms are limited, besides tigecycline, old antibiotics such as aminoglycosides, fosfomycin, and colis- tin with or without rifampicin will have to be reemployed.
• Adopting appropriate infection control strategies becomes paramount to prevent transmission to other patients.
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